ABSTRACT: Nanomaterials are anticipated to be promising storage media, owing to their high surface-to-mass ratio. The high hydrogen capacity achieved by using graphene has reinforced this opinion and motivated investigations of the possibility to use it to store another important energy carrier -lithium (Li). While the first-principles computations show that the Li capacity of pristine graphene, limited by Li clustering and phase separation, is lower than that offered by Li intercalation in graphite, we explore the feasibility of modifying graphene for better Li storage. It is found that certain structural defects in graphene can bind Li stably, yet more efficacious approach is through substitution doping with boron (B). In particular, the layered C 3 B compound stands out as a promising Li storage medium. The monolayer C 3 B has a capacity of 714 mAh/g (as Li 1.25 C 3 B), and the capacity of stacked C 3 B is 857 mAh/g (as Li 1.5 C 3 B), which is about twice as large as graphite's 372 mAh/g (as LiC 6 ). Our results help clarify the mechanism of Li storage
in low-dimensional materials, and shed light on the rational design of nano-architectures for energy storage.
The search for high energy density electrodes is one of the central topics in lithium (Li) ion battery studies. [1] [2] [3] [4] [5] [6] The energy density is proportional to the product of full-cell voltage times Li capacity. 3 Nano-materials have been expected to have high storage capacities due to their high surface-to-mass ratio, as compared to three-dimensional (3D) bulk materials. For example, twodimensional (2D) carbon --graphene, with its record surface-to-mass ratio of 2630 m 2 /g, has proven to be a promising matrix for hydrogen storage. [7] [8] [9] [10] [11] However, the experimental studies of
Li storage on graphene remain controversial, and it is still not clear whether graphene could have a higher capacity than graphite, which is used commercially as an anode with a capacity of 372 mAh/g (340 mAh/g, including Li own weight). Some experiments do show high Li capacity for graphene nano-sheets, within a few charge/discharge cycles. [12] [13] [14] [15] [16] Yet detailed examination of graphene quality attributes the Li storage to binding with defects, which are created during the fabrication of nano-sheets. 17, 18 Furthermore, in situ Raman spectroscopy indicates that the amount of Li absorbed on monolayer graphene is greatly reduced compared to graphite, while the intercalation of Li into few layer graphene seems to resemble that of graphite. 19 In order to further clarify this issue, we perform first-principles computations to assess the Li storage in the carbon (C) based nano-materials. We start from the general description of obtaining battery characteristics from calculations, and then apply it to Li-graphene system, which shows a distinguishing Li storage behavior compared with graphite. The feasibility of modifying graphene for the Li storage is further explored, which leads to the finding that the layered C 3 B compound could be a promising storage medium. Generally, it can be found by considering the energy ε(x`) per average atom in the composition 21 In context of electrode, since the matrix M essentially retains its fixed amount, here we find it more convenient to determine the capacity from the lithiation energy E per matrix unit versus composition variable x in Li x M, a lithiation curve E(x) defined as: from that composition, leading to the phase separation and the formation of dendrites. Therefore, the achievable capacity limit is determined by the position x of the minimum of the E(x) curve (possibly with some excess permitted by the nucleation barrier to the Li precipitation). We obtain the E(x) plots by first-principles computations, assisted by the cluster expansion method. 22, 23 The detailed description of calculations can be found in Supporting Information (SI). Representative points from the full lithiation curves (shown in SI) are plotted in Figure 1 In Figure 1 , the graphite lithiation curve is negative with a minimum at x = 1, corresponding to a stable compound, LiC 6, with a capacity of 372 mAh/g, in agreement with the literature. 1 The atomic structure of LiC 6 is shown in Figure 1 as well, where the numbers (in eV) are the energy cost for adding (or removing) a single Li atom to (or from) bulk LiC 6 of large size.
All the numbers are positive, indicating that the compound is indeed stable.
For graphene, in contrast, the lithiation energy in Figure 1 is always positive, monotonically increasing with Li loading, indicating that the capacity is, in fact, zero! The contrasting lithiation behaviors result from the different ε Li-M . Although in both cases Li loses its 2s electron to C, producing ionic Li-C bonding, the bonding energies are different: ε Li-graphite > ε Li > ε Li-graphene . For example, at x = 1, ε Li-graphite − ε Li = 0.07 eV, while ε Li-graphene − ε Li = -0.61 eV.
Therefore, when loaded with Li, the energy of Li-graphite system drops due to the increase in the favorable Li-graphite bonding, until reaching the LiC 6 composition, where further Li loading results in a strong repulsion between Li ions at neighboring hexagons. 24 In contrast, the energy of Li-graphene system rises during lithiation due to the increasing amount of relatively unfavorable
Li-graphene interactions, accompanied by the Li-Li ions repulsion. Moreover, the positive lithiation energy of graphene means that the Li adatoms on it should aggregate into clusters and eventually macroscopic dendrites, instead of forming any stable Li-graphene mixture phase.
Why does the ε Li-M differ so much between graphite and graphene? In graphite, the Li ions are intercalated between two C layers, while on graphene, the Li ions are only adsorbed on surface. The intercalation configuration raises the ε Li-M due to the increased Li coordination (greater "contact area" with the matrix). The role of intercalation is further evident in the lithiation of bilayer, as shown in Figure 1 . Our calculations show that it is energetically favorable for the Li ions to enter between the C layers, rather than to be adsorbed on the exterior surface.
Due to the available intercalation sites, bilayer graphene can store Li in the form of LiC 16 .
Another nearly-degenerate in energy form LiC 12 is also found, with the Li ordering between two layers similar to that in graphite, Figure 1 (energy difference being only ~2 meV, which is within calculation accuracy; proper treatment of van der Waals interactions might help distinguish their energies. 25 ). The ε Li-bilayer is close to the ε Li-graphite at the corresponding Li-saturated configurations, with the former binding slightly stronger by 0.06 eV/Li, indicating again that the enhanced binding is mainly due to the intercalation configuration. In summary, although graphene (monolayer or multilayer) provides more accessible surface area, the exposed surfaces turn relatively inactive, with Li binding weak, which is unable to prevent Li phase separation, and consequently leads to a reduced capacity.
However, the accessibility of the open graphene forms and almost certainly faster surface diffusion are very attractive for better kinetic performance of the electrodes. To remedy the insufficient binding, graphene surfaces might be "activated" by several means briefly assessed below.
Elastic deformation. One can reasonably hypothesize that curvature of graphene lattice should change purely sp 2 -hybridization to partially sp 3 (often quantified by the pyramidalization angle), 26, 27 making C lattice more chemically active. To evaluate this possibility, we have computed the binding energies, to show in Figure 2 how the purely elastic curvature of carbon nanotube (CNT) wall enhances binding with a single Li atom. As the diameter increases, the ε Li-CNT decreases and asymptotically approaches the ε Li-graphene . Interestingly, the single Li atom prefers adsorption on the outer rather than the inner surface of CNT wall (though the difference is small, < 0.03 eV), while at high Li concentrations, the inner surfaces become more favorable than the outer. However, for small-diameter CNT such as (5, 5), the energy preferences are reversed. While any systematic investigation of elastic curvature effects on binding strength is beyond the scope of this study, several computed samples are already informative. In all cases, the ε Li-CNT is still less than the cohesive energy ε Li of bulk Li, which indicates that the single-wall CNT cannot form stable compound with Li and thus has low capacity.
Native structural disorder, such as pentagons, heptagons, dislocations, Stone-Wales defects, mono-or di-vacancies, ad-dimers, and edges. Figure 2 shows the configurations of Li complexes with such defects, and the relative binding energies, ε Li − ε Li-defect . While pristine graphene cannot effectively adsorb a single Li atom from its bulk state (0.31 eV endothermic) most of defects can bind Li exothermically, and therefore stably w.r.t. clustering. The strongest binding site is at the zigzag edge, due to the presence of dangling bonds. 28 Our results suggest that Li can be stored in disordered graphene, which could possibly give rise to the capacity observed in some experiments. 17, 18 In order to achieve a high Li capacity for practical applications, one would need to fabricate highly defective graphene. This is in the contrary to the mainstream efforts to synthesize defect-free graphene, [29] [30] [31] [32] but may be possible with amorphous graphene produced by irradiation.
33
Anchoring of other Li-adsorbing materials (silicon, 34, 35 metal oxides, [36] [37] [38] etc.) to graphene surface should be mentioned, although we do not perform here any actual computations of specific systems. Not only the high surface-mass ratio but also the high conductivity of graphene could be utilized in this approach. 39 However, the clustering of Li-adsorbing materials could be a potential problem, similar to the reduction of hydrogen uptake induced by the clustering of hydrogen-adsorbing metals.
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Chemical doping. 43, 44 Since Li donates its 2s electron to the matrix, an electron-deficient matrix, such as B-substituted C, could better accommodate for extra electrons. Figure 2 shows that, indeed, binding is stronger at B substitution site than on pristine graphene, while it is weaker at the electron-abundant N-substitution site. Besides, such dopants are inherent part of the matrix lattice, which eliminates the problem of dopant clustering. Therefore, highly B-doped graphene, or in other words, 2D C-B compound, should be a good candidate for Li storage. In fact, recent studies have confirmed that the Li storage can be enhanced by B doping. [44] [45] [46] Graphene can also be doped with other elements such as Si, P, and S. experimental evidence of stable 2D C-Si, -P, and -S compounds are still lacking. We therefore focus on the C-B system. The experimentally available 2D compound with the highest B:C ratio is 2D C 3 B, which has a 2D structure with C-hexagons connected by B atoms, [45] [46] [47] [48] [49] [50] shown in Figure   3 . The C 3 B layers can be stacked up to form graphite-like 3D structure 3D C 3 B, with weak van der Waals interactions between layers. 51, 52 In the following, we discuss the Li storage in the C 3 B in some detail since it appears potentially interesting for anode applications.
The lithiation curves and atomic structures of the Li-saturated C 3 B are shown in Figure 3 .
The corresponding atomic structures are shown in Figure S2 . During lithiation, the 3D C 3 B preserves its layered structure but changes the stacking from AB order 53 to AA (every next layer is directly on top of the previous one). This behavior is similar to that of graphite, suggesting a small volume variation in discharge/charge cycles. The Li-saturated with that in graphite 0.34 eV (using consistent calculations settings, shown in the SI). In reality, the diffusion is more complicated since the large size anode inevitably contains defects which impact the diffusivity in different ways. For example, the Li transport perpendicular to the basal plane of graphite is facilitated by the defects, whereas the diffusion parallel to the plane is limited by the defects. 56 The influence of the defects on Li diffusivity deserves further study.
Although the pristine C 3 B sheet is a semiconductor with a band gap of ~0.5 eV, 57 it becomes metallic during lithiation, as demonstrated by the electronic density of states plot in the Figure 4 .
The similar ionic and electronic conductivity between C 3 B and graphite should give comparable discharge/charge rates for the battery. Overall, C 3 B has a larger capacity and similar power density compared to graphite, but somewhat lower voltage as a consequence of larger ε Li-M .
In summary, although nanomaterials provide more free surfaces for adsorption compared with bulk materials, they might suffer from the weakened adsorbate-adsorbent binding, which could lead to the adsorbates clustering and a decreased adsorbate capacity. This conclusion is exemplified by Li storage in graphene, where Li phase separation results in significant capacity limitations (down to zero for pristine monolayer graphene). The feasibility of modifying graphene to store Li more efficiently is discussed, including its doping, and leading one to stoichiometric 2D compound C 3 B as a promising electrode material. Its capacity is about twice larger than graphite, with comparable power density and small volume variation during discharge/charge cycles. Our results help to clarify the fundamentals of Li storage in lowdimensional materials, and shed light on the rational design of nano-architectures for energy storage.
METHODS
The structures are relaxed and the total energies of the systems are calculated by density functional theory (DFT) with generalized gradient approximation (GGA). Although the DFT-GGA methods have been widely used to study the Li-ion battery electrodes and achieved good agreements with experiments, 3, 24 one has to be aware that the approximate functional suffers from the "delocalization error" and overestimated the polarizability and the binding energy of the charge transfer complex. 58 Hybrid functional might help to obtain more accurate energetics, 
